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Abstract 
A sample of Colombian natural clinker was evaluated as a raw material in a laboratory-scale synthesis of zeolitic materials using two 
methods of alkaline fusion, followed by two aging methods, and finally hydrothermal treatment during three different periods of time. 
Fusion was carried out with solid and aqueous NaOH and followed by static or ultrasonic aging. The process ended with a hydrothermal 
reaction. Natural clinker was converted into several zeolitic materials. The characteristics of the resulting zeolitic materials and the effects 
of experimental variations are discussed. 
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Estudio comparativo de dos métodos de envejecimiento y fusión en 
la síntesis de materiales zeolíticos a partir de clinker natural 
 
Resumen 
Una muestra de clínker natural colombiano fue evaluado como material de partida para una síntesis a escala de laboratorio de materiales 
zeolíticos usando dos métodos de fusión alcalina seguida de dos métodos de envejecimiento y finalmente un tratamiento hidrotérmico bajo 
tres periodos de tiempo distintos. La fusión se llevó a cabo usando NaOH sólido y en solución, siendo seguida por envejecimiento en 
condiciones estáticas o de ultrasonido. El proceso finalizó con una reacción hidrotérmica. El clínker natural fue convertido en varios 
materiales zeolíticos. Las características de los materiales zeolíticos resultantes y los efectos de las variaciones experimentales son 
discutidos. 
 




1.  Introduction 
 
Zeolite synthesis from coal by-products like natural 
clinker (NC) using several methods has recently been 
receiving a lot of attention. Since the pioneering works of 
Höller and Barth-Wirsching [1] and Ríos et al. [2] who 
were the first researchers to have synthesized zeolites from 
fly ashes and natural clinker respectively, much 
investigation has been conducted to convert these coal by-
products to zeolites. The conversion of coal by-products 
into zeolites can be conventionally developed by 
hydrothermal crystallization under alkaline conditions, 
which has been reported by different authors [1–16]. 
Recently, the conventional alkaline conversion of these 
materials has been improved by using more sophisticated 
treatments [17–23]. Zeolites have been useful, mainly as 
ion exchangers, molecular sieves, adsorbents, and 
catalysts. The resultant zeolitic materials have great 
potential to be developed as high-efficiency low-cost 
adsorbents with applications in environmental problems 
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[24–27]. In this paper, several fusion, aging, and 
hydrothermal conditions in the synthesis of zeolites were 
tested, promoting the formation of different types of 
zeolites and hopefully, more crystalline phases. For that 
reason, an investigation into the synthesis of zeolites from 
natural clinker on a laboratory scale via two fusion 
methods and two aging methods is carried out. Several 
parameters were selected: the alkaline activator/coal by-
product ratio for a fusion of 1.2; fusion temperature and 
time, 800 ºC and 2 h respectively; and the H2O/alkali fused 
coal by-product ratio = 5 mL/g. The variables were: state 
of the pre-fusion alkali (solid or liquid); aging method 
(ultrasonic or static); and aging and reaction times 
(6,12,24). This study sets the conditions for future 
synthesis of better and more abundant zeolitic materials 
from a low-value material.  
 
2.  Experimental procedure 
 
2.1.  Materials 
 
The starting material used for the synthesis of zeolites was 
supplied as follows: Natural clinker associated with the 
spontaneous combustion of coal seams from a late Paleocene 
formation, which was collected from an open field of Punto 
Tajo located in Colombia at a latitude of 10°59’09.9’’ N and a 
longitude of 72°43’07.59’’ W and an altitude (MSL) of 
108.691m. It was prepared prior to synthesis, using the 
following steps: rough crushing with a Retsch Jaw Crusher BB 
200 to ~ 2mm, milling with a Retsch RM100 mortar grinder 
mill to clay particle size, and sieving with a 200 mesh Ro-Tap 
sieve shaker; 63 mm particles selected for zeolite synthesis. 
The reagents used to activate this coal by-product was sodium 
hydroxide, NaOH, as pellets (97%, from Carlo Erba Reagents), 
and distilled water using standard purification methods. 
 
2.2.  Zeolite synthesis 
 
The synthesis of zeolites developed using two types of 
alkaline fusions prior to two aging methods and the 
hydrothermal treatment. Optimal conditions for the synthesis 
of zeolites from coal by-products with a maximum value of 
cation exchange capacity are a coal by-product/alkaline 
activator ratio of 1:1.2 [17-18]. Therefore, alkali hydroxide 
powder was mixed with natural clinker using two methods, 
one with dry alkali and the other with alkali dissolved in 
water forming a saturated solution. The resultant mixture 
calcined at 800 °C for 2 h. The alkaline reagent added to the 
starting material acts as an activator agent during fusion. The 
alkali-fused products were then dissolved in water 
(H2O/alkali fused starting material ratio = 5 mL/g), under 
stirring conditions for 30 minutes with a speed of 600 RPM 
in a VELP Scientifica magnetic stirrer until the reaction gels 
were homogenized and were then aged for 6, 12 and 24 hours 
under static and ultrasonic conditions. The mixtures 
transferred into 65 ml polytetrafluoroethylene (PTFE) bottles 
and then crystallized under static conditions at 80 °C for 6, 
12 and 24 h. After that, the obtained zeolite was filtered and 
washed with distilled water. Finally, the product was dried at 
60°C for two hours.  
2.3.  Characterization 
 
The X-ray diffraction patterns of the raw materials and 
synthesized products were recorded in a BRUKER D8 
ADVANCE diffractometer operating in Da Vinci geometry 
equipped with an X-ray tube (Cu-Kα1 radiation: λ = 1.5406 
Å, 40 kV and 30 mA) using a nickel filter and a 1-
dimensional LynxEye detector. A fixed antiscatter slit of 8 
mm, receiving slit (RS) of 1 mm, soller slits of (SS) of 2.5º 
and a detector slit of 0.6 mm were used. Data collection was 
carried out in the 2θ range of 3.5-70°, with a step size of 
0.01526° (2θ) and had a counting time of 0.4 s/step. Phase 
identification performed using the crystallographic database 
Powder Diffraction File (PDF-2) from the International 
Centre for Diffraction Data (ICDD). The morphology of the 
raw materials and synthesized zeolites was examined by 
scanning electron microscopy (FEG Quanta 650), under the 
following analytical conditions: magnification = 1000-
20000x, WD = 7.0-11.0 mm, HV = 10 kV, signal = SE and Z 
CONT, detector = BSED and ETD. The existence of a 
zeotype framework was confirmed by Fourier transform 
infrared spectroscopy in the 4000–400 cm-1 region by using 
a BRUKER TENSOR 27 spectrometer at 20°C and applying 
30 scans per sample. However, only the 1250–400 cm-1 
region was discussed, because this is where the spectra 
showed remarkable changes. A BRUKER ATR PLATINUM 
cell used.  
 
3.  Results and discussion 
 
3.1.  Chemical and mineralogical analyses of natural 
clinker 
 
According to Ríos et al. [2] natural clinker presents 
appropriate SiO2/Al2O3 ratios to be used as starting 
materials for the synthesis of zeolitic materials with a high 
cation exchange capacity and high crystallinity. 
SiO2/Al2O3 ratios are important for predicting the success 
in the process of zeolite synthesis, although it is also 
important to consider the occurrence of impurities in the 
starting material [28]. According to Ríos and co-workers 
[2,27–29], the chemical composition of the raw natural 
clinker displays variations of up to 15 wt% among its 
major oxides (SiO2, Al2O3, K2O, and CaO), which 
probably reflects local heterogeneity related to small 
changes in the original sedimentary rock. Natural clinker 
has very high contents of SiO2 (68.15%) and Al2O3 
(19.44%) with a SiO2/Al2O3 ratio = 3.5. Natural clinker 
shows very low contents of Ca and S, and a high content 
of Fe associated with the presence of hematite, which is 
very important taking into account that Fe-bearing 
minerals, mainly magnetite, can show an inert behavior, 
and Ca-bearing phases can act as a zeolite synthesis 
inhibitor through the formation of calcium silicate hydrate 
phases [9]. A qualitative X-ray diffraction analysis was 
useful in identifying the crystalline phases of natural 
clinker using the International Centre for Diffraction 
Data’s (ICDD) PDF-2. Table 1 summarizes this.  
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Table 1.  
Qualitative X-ray diffraction analysis of natural clinker. 
Crystalline phase PDF-2 Card Number Mineral 
SiO2 010-79-1910 Quartz (Qtz) 
Fe2O3 010-89-0599 Hematite (Hem) 
TiO2 010-75-6234 Rutile 
CaCO3 010-85-1108 Calcite 
Fe3O4 010-72-8152 Magnetite 
(Na,Ca)0.3Al2(Si,Al)4O10(OH)2·xH2O 000-58-2021 Beidellite 
Na0.3Fe2Si4O10(OH)2·4H2O 000-29-1497 Nontronite 




Figure 1. X-ray diffraction pattern of natural clinker. 




Figure 2. Scanning electron microscopy images of natural clinker with a 
zoom of (a) 7000x, and (b) 1000x. 
Source: The authors.  
 
 
Fig. 1 illustrates the X-ray diffraction for natural clinker. 
It can be seen that the major crystalline phases found in this 
geomaterial are quartz and hematite. 
Scanning electron microscopy images of natural clinker 
(Fig. 2) reveal a roundish agglomerated type surface. 
Scanning electron microscopy was also used for making a 
quantitative elemental analysis in back-scattered electrons 
mode. The EDS spectrum (not shown in this study) of natural 
clinker reveals that it mainly consists of O, Al, Si, and Fe 
elements, with minor Mg, Ca, and K. The mass ratios of 
O:Si:Al:Fe were 30.31:36.56:18.96:6.57.  
The morphology of the synthesized zeolites revealed by 
scanning electron microscopy micrographs was studied in 
order to choose the zeolites with the most abundant crystalline 
phases. It was discovered that the morphology was richer and 
more crystalline phases were obtained when solid clinker-solid 
NaOH fusion was carried out and the aging method was static. 
 
Figure 3. Scanning electron microscopy micrographs of zeolites from solid 
natural clinker and solid NaOH aged under static conditions for 6 hours and 
undergoing hydrothermal treatment for 24 hours. (a) 8000x, and (b) 20000x 
Source: The authors.  
 
 
Table 2.  
Crystalline phases identified by X-ray diffraction using solid fusion and 
static aging. 
Hydrothermal 
treatment time [hours] 
6 12 24 
6 hours of static aging 




Sodalite, Faujasite, LTA 
zeolite, Quartz, Vaterite 
Source: The authors.  
 
 
3.2.  Zeolites from fusion of solid clinker and solid sodium 
hydroxide 
 
The main as-synthesized zeolites obtained by this type of 
alkaline fusion include: faujasite, sodalite, NaA (LTA) 
zeolite, and vaterite. The synthesis of these zeolites was 
investigated by the evaluation of some parameters affecting 
their formation process, such as the aging method (static or 
ultrasonic), and the hydrothermal reaction time (6, 12, and 24 
hours), and under static conditions during the synthesis 
process.  
 
3.2.1. Microstructural analysis 
 
Scanning electron microscopy micrographs showed that 
six hours of static aging and the longest chosen period of 
hydrothermal treatment (24 hours) produced more diversity 
and a higher quality of zeolites. Thus, the best results are in 
the zeolite produced under 6 hours of static aging and the 
longest hydrothermal treatment period in this study. Fig. 3 
shows how diverse are the morphology and the crystalline 
phases of this sample. 
 
3.2.2.  Identification of crystalline phases 
 
Table 2 depicts the results of X-ray diffraction analyses, 
with the crystalline phases obtained after using solid fusion 
and static aging. 
Fig. 4 presents the X-ray diffraction patterns of the 
activated natural clinker, which show that faujasite was the 
major crystalline phase present in the synthesis products. The 
content of this zeolitic material increased with reaction time, 
with the highest synthesis yields obtained after 24 hours, with 
quartz partially dissolved under these experimental 
conditions. Results show that the conversion of natural  
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Figure 4. X-ray diffraction patterns of (A) natural clinker and zeolites, 
mainly sodalite, with (B) 6, (C) 12 and (D) 24 hours of hydrothermal 
treatment. 
Source: The authors.  
 
 
clinker was efficient during the synthesis process, and that 
through the proposed method that was described above, it 
was possible to transform it into zeolite-like materials, with 
faujasite as the most abundant phase.  
 
3.2.3.  Fourier transformed infrared spectroscopy 
 
The Fourier transformed infrared spectroscopy spectra of the raw 
material (natural clinker) and zeolitic materials that were synthesized 
in static aging for 6 hours and that have different hydrothermal 
reaction times are illustrated in Fig. 5. The spectrum for natural clinker 
shows its three wide characteristic bands at 449 cm-1 (T–O bending 
vibrations), 701 cm-1 (T–O symmetric stretching vibrations) and 1001 
cm-1 (T–O asymmetric stretching vibrations). Typical bands of 
zeolitic materials appear, including T-O bond (T=Al or Si) in the 
region of 950-1250 cm-1 and the T-O symmetrical stretching in the 
region of 660-770 cm-1. Bands in the region of 500-650 cm-1are 
attributed to the presence of double rings (D4R and D6R) in the 
structure of the zeolitic materials. Moreover, bands in the region of 
400-250 cm-1 represent internal vibrations of T-O, while bands in the 
region of 300-420 cm-1 can be attributed to pore opening. Similar 
results are reported by Ríos and Williams [18]. 
 
 
Figure 5. Fourier transformed infrared spectra of (A) natural clinker and 
zeolites with (B) 6, (C) 12 and (D) 24 hours of hydrothermal treatment. 
Source: The authors.  
Table 3.  
Fourier transformed infrared spectroscopy frequencies for natural clinker 
and its zeolitic products synthesized in static aging for 6 hours and at 










Natural clinker 1001 701   449 
6 hours of hydrothermal 
reaction 
962 744 669-557 447 
12 hours of hydrothermal 
reaction 
960 746 667 447 
24 hours of hydrothermal 
reaction H 
958 742 667 447 
 a  Al-O in the structure Si-O-A         
b  parallel rings of 6 members         
Source: The authors.  
 
 
These results reveal that, in general, the characteristic 
frequencies of natural clinker shifted to lower frequencies, 
although without significantly changing with reaction time. 
Table 3 summarizes the characteristic Fourier 
transformed infrared frequencies obtained for the natural 
clinker and zeolitic materials. 
 
3.3.  Zeolites from fusion of solid clinker and sodium 
hydroxide in aqueous solution 
 
According to the results obtained by Oviedo et al. [30] the 
main as-synthesized zeolites obtained by the alkaline fusion 
followed by the hydrothermal reaction method include: 
sodalite, faujasite, and zeolite P1. The synthesis of these 
zeolites was investigated by the evaluation of some 
parameters affecting their formation process, such as the 
aging method (static or ultrasonic), and the hydrothermal 
reaction time (6, 12, and 24 hours). 
 
3.3.1.  Microstructural analysis 
 
Scanning electron microscopy micrographs showed that 
in this case, the zeolites synthesized during 12 hours of static 
aging and 24 hours of hydrothermal treatment present a poor 
morphology and four crystalline phases, which is good 
compared to other synthesized solid clinker-aqueous NaOH 
fusions. Fig. 6 shows the morphology of this sample.  
 
 
Figure 6. Scanning electron microscopy micrographs of zeolites from solid 
natural clinker and aqueous NaOH aged under static conditions for 12 hours 
and undergoing hydrothermal treatment for 24 hours. (a) 8000x,and (b) 
40000x. 
Source: The authors.  
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Table 4.  
Crystalline phases identified by X-ray diffraction using solid natural clinker-




6 12 24 







Faujasite; Calcite; Sodium 
aluminosilicate 




Figure 7. X-ray diffraction patterns of (A) natural Clinker and the 
synthesized zeolites after (B) 6, (C) 12 and (D) 24 hours of hydrothermal 
treatment. 
Source: The authors.  
 
 
3.3.2.  Identification of crystalline phases 
 
Table 4 depicts the results of X-ray diffraction analyses, 
with the crystalline phases obtained after using solid natural 
clinker-aqueous NaOH fusion. Two types of sodalite were 
obtained in the first 6 hours of hydrothermal treatment; 
however, only the sodalite Na8(AlSiO4)6Cl24 was obtained 
after 12 hours. After 24 hours, it crystallized along with 
faujasite, calcite, and sodium aluminosilicate.  
Fig. 7 presents the X-ray diffraction patterns of the 
activated natural clinker, which show that sodalite was the 
major crystalline phase present in the synthesis products. The 
content of this zeolitic material increased with reaction time, 
with the highest synthesis yields obtained after 24 hours, 
although it crystallized as a single phase or along with other 
crystalline phases. Quartz was totally dissolved under these 
experimental conditions. The conversion of natural clinker 
was more efficient compared with that observed in the 
previous method during the synthesis process, and, therefore, 
the synthesis of zeolite-like materials was successful by the 
proposed method described above, with sodalite as the most 
abundant phase. 
According to the analysis of X-ray diffraction data, at 24 
hours of hydrothermal treatment four crystalline phases were 
obtained, the most abundant phase was faujasite, which at the 
same time is the most crystalline one. Sodalite is present in 
all the synthesized zeolites, and the highest proportion is in 




Figure 8. Fourier transformed infrared spectra of natural clinker (A) and 
zeolites after (B) 6, (C) 12 and (D) 24 hours of hydrothermal treatment. 
Source: The authors.  
 
 
Table 5.  
Fourier transformed infrared spectroscopy frequencies for natural clinker 
and its zeolitic products synthesized in static aging for 12 hours and with 










Natural clinker 1001 701   449 
6 hours of hydrothermal 
reaction 
964.37 732 663.49 426 
12 hours of hydrothermal 
reaction 
960.51 734 669 426 
24 hours of hydrothermal 
reaction 
960.51 734 663 430 
 a  Al-O in the structure Si-O-A         
b  parallel rings of 6 members         
Source: The authors. 
 
 
3.3.3.  Fourier transformed infrared spectroscopy 
 
The Fourier transformed infrared spectroscopy spectra of 
the raw material (natural clinker) and zeolitic materials are 
illustrated in Fig. 8. The spectrum for natural clinker shows 
its three wide characteristic bands (at 449, 701 and 1001 cm-
1). Characteristic bands of zeolites, including the T-O bond 
in the region of 950-1250 cm-1 and T-O symmetrical 
stretching in the region of 660-770 cm-1 were also observed. 
Bands in the region of 500-650 cm-1 are attributed to the 
presence of double rings in the zeolite framework. 
Furthermore, bands in the region of 400-250 cm-1 represent 
internal vibrations of T-O while bands in the region of 300-
420 cm-1and can be attributed to pore opening. 
These results reveal that, in general, the characteristic 
frequencies of natural clinker shifted to lower frequencies, 
although without significantly changing with reaction time. 
Table 5 depicts the characteristic Fourier transformed 
infrared frequencies obtained for the natural clinker and 
zeolitic materials. 
A shorter aging time of the hydrogel well-crystallized 
zeolites formed, whereas aging the hydrogel under longer 
aging conditions produced poor-crystallized products. In 
general, results show that sodium hydroxide as-an-
activating-agent was efficient in the hydrothermal conversion 
of natural clinker, similar to what has been reported by Ríos 
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and co-workers [18,27-29]. Recently, Henao and co-workers 
(personal communication) have been undertaking research 
on the study of several synthesis parameters on the 
transformation of natural clinker using aluminum wastes as 
Al2O3 source, with the production of zeolites Linde Type A 
and faujasite. 
 
4.  Conclusions 
 
Two fusion and aging methods were studied to synthesize 
zeolites from Colombian natural clinker. The most abundant 
crystalline phases were obtained from the fusion of solid 
alkali and solid clinker,, specially the one which took 6 hours 
of static aging and 24 hours of hydrothermal treatment. This 
synthesis also showed good results with the alkaline 
activation of solid clinker and aqueous NaOH obtaining 
sodalite as a primary phase, with an aging time of 12 hours 
and a hydrothermal treatment of 24 hours. Aging under 
ultrasonic conditions in both kinds of fusion methods was 
counter-productive because the obtained phases were less 
than the ones that were obtained under static conditions. 
Therefore, it is concluded that the ultrasonic waves impede 
the crystallization process. Results from this study reveal the 
transformation of natural clinker in several synthetic 
zeotypes with strong similarities compared with previous 
studies using natural clinker as a starting material in the 
synthesis of zeolites. A modification of the aging conditions, 
using an ultrasonic batch, is highlighted here, which can be 
performed to improve knowledge on the process of 
nucleation and the crystallization of zeolites. However, 
further studies should be carried out under well-optimized 
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